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ABSTRACT 
T h i s  paper reviews t h e  n a t u r e  and u t i l i z a t i o n  of l u n a r  r e sources  a s  
a means of i n c r e a s i n g  t h e  economy of manned luna r  and p l a n e t a r y  e x p l o r a t i o n .  
Lunar r e sources  inc lude  indigenous energy and m a t e r i a l s  which can be 
p r o f i t a b l y  used. The ch ie f  l u n a r  energy source  i s  s o l a r  r a d i a t i o n ;  i n  
a d d i t i o n ,  geothermal steam, i f  a v a i l a b l e ,  would be va luab le .  M a t e r i a l  
r e s o u r c e s ,  f o r  l i f e  suppor t ,  s t r u c t u r a l  purposes ,  and r o c k e t  f u e l ,  which 
can be expec ted  t o  e x i s t  i n  t h e  moon inc lude  oxygen, i r o n ,  magnesium, 
s i l i c o n ,  and o t h e r  e lements  found i n  m e t e o r i t e s .  The abundance and n a t u r e  
of  l u n a r  hydrogen, carbon,  and water i s  u n c e r t a i n .  However, wa te r ,  which 
might supply  90% of l o g i s t i c  requi rements ,  should e x i s t  under any hypo thes i s  
of t h e  moon's o r i g i n  and e v o l u t i o n .  The prognos is  f o r  u s a b l e  luna r  r e sources  
i n  g e n e r a l  i s  good. 
E x t r a c t i o n  of t h e s e  r e sources  inc ludes  mining, hand l ing ,  and p rocess ing .  
Subsurface  mining i s  favored  because it a f f o r d s  p r o t e c t i o n  from t h e  s u r f a c e  
environment.  Material handl ing  can probably be done wi th  a d a p t a t i o n s  of 
v e h i c l e s  developed f o r  o t h e r  purposes .  P rocess ing  f o r  e lements  such a s  
oxygen and hydrogen w i l l  probably be  done by thermal d i s s o c i a t i o n ,  
e l e c t r o l y t i c  r e d u c t i o n ,  o r  chemical r educ t ion .  
Economic a n a l y s i s  of  l u n a r  r e source  use  i s  cen te red  c h i e f l y  on r o c k e t  
f u e l ,  which would be t h e  major u s e  f o r  l u n a r  m a t e r i a l s ,  and s e c o n d a r i l y  on 
l i f e  suppor t .  Pa rame t r i c  s t u d i e s  based on e s t i m a t e s  of  demand, t r a n s p o r t a t i o n  
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f a c t o r s  and manufacturing c o s t ,  i n d i c a t e  t h a t  t h e  c o s t  of i n t e r p l a n e t a r y  
mis s ions  can be  reduced by f a c t o r s  of 4 t o  10 w i t h  t h e  u s e  of  l u n a r  and 
p l a n e t a r y  r e sources .  - 
Human f a c t o r s  d i scussed  i n c l u d e  requi rements  and t h e  e f f i c i e n c y  of  re- 
supply,  r egene ra t ion ,  and s y n t h e s i s  of l i f e  suppor t  s u p p l i e s  ( a i r ,  water, 
and food) .  
long-term bases .  
space s u i t  des ign ,  water recovery ,  metabol ic  l o a d s ,  and t i m e  a l l o c a t i o n .  
S y n t h e s i s  of t h e s e  from luna r  materials becomes a t t r a c t i v e  f o r  
F u r t h e r  r e s e a r c h  i s  needed i n  a r t i f i c i a l  atmospheres,  
INTRODUCTION 
Manned space f l i g h t  has  developed much f a s t e r  than even i t s  most 
o p t i m i s t i c  s u p p o r t e r s  of a few decades ago expec ted ,  due c h i e f l y  t o  t h e  
p r e s s u r e  of i n t e r n a t i o n a l  compet i t ion ,  t h e  a v a i l a b i l i t y  of  l a r g e  m i l i t a r y  
r o c k e t s ,  and t h e  gene ra l  a c c e l e r a t i o n  of t echno log ica l  p rog res s  i n  a r e a s  such 
as e l e c t r o n i c s ,  It appears  t h a t  space  f l i g h t  has  i n  f a c t  gained i r r e v e r s i b l e  
momentum, and t h a t  w e  s h a l l  s h o r t l y  a t t empt  e x t e n s i v e  l u n a r  e x p l o r a t i o n  and 
manned i n t e r p l a n e t a r y  f l i g h t s .  These w i l l ,  however, be ex t remely  expens ive  
and complex o p e r a t i o n s  i f  u se  i s  n o t  made of  n a t u r a l  r e s o u r c e s  e x i s t i n g  on 
t h e  moon and p l a n e t s :  cons ide r  t h e  probable  s t a t e  o f  t r a n s o c e a n i c  a v i a t i o n  
if each  plane had had t o  c a r r y  a l l  f u e l  and o t h e r  s u p p l i e s  f o r  a round t r i p .  
On t h e  o t h e r  hand, i f  w e  can d i scove r  and u s e  e x t r a t e r r e s t r i a l  r e s o u r c e s  i n  
t h e  e a r l y  s t a g e s  of such e x p l o r a t i o n ,  w e  s h a l l  n o t  on ly  reduce i t s  c o s t  b u t  
speed t h e  day when s e r i o u s  manned e x p l o r a t i o n  of t h e  e n t i r e  s o l a r  system can 
begin .  
The moon w i l l  of cour se  b e  t h e  real s t a r t i n g  p o i n t  f o r  t h e  e x p l o r a t i o n  
of t h e  s o l a r  system; cor respondingly ,  t h e  f i r s t  e x t r a t e r r e s t r i a l  m a t e r i a l  
r e s o u r c e s  used w i l l  be luna r  r e s o u r c e s .  The purpose of t h i s  paper i s  t o  
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summarize the state of knowledge in the utilization of lunar resources and 
to suggest a fruitful course for future efforts in this field. 
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THE NATURE OF LUNAR RESOURCES 
Indigenous Energy Sources  
There are two major l u n a r  energy s o u r c e s  which may be o f  v a l u e  f o r  
l u n a r  resource  u t i l i z a t i o n :  s o l a r  and geothermal energy. 
S o l a r  energy,  t h e  most p r e d i c t a b l e  s o u r c e ,  has  of c o u r s e  been used by 
hundreds of s o l a r - c e l l - c a r r y i n g  s a t e l l i t e s ,  whose power requi rements  a r e  
very  low compared t o  t h o s e  of a l u n a r  base .  Used by systems such a s  t h e  
p a r a b o l i c  m i r r o r  of  t h e  Sunflower system, '  s o l a r  energy has  t h e  advantages 
o f  being dependable and a b l e  t o  f u r n i s h  ex t remely  high tempera tures  i f  
d e s i r e d ;  i n  a d d i t i o n ,  small  s o l a r  thermal u n i t s  can be r e l a t i v e l y  l i g h t .  
The disadvantages of  s o l a r  energy f o r  l u n a r  use  a r e ,  f i r s t ,  t h a t ,  e x c e p t  f o r  
p o l a r  l o c a t i o n s , 2  it i s  i n t e r m i t t e n t ,  be ing  a v a i l a b l e  o n l y  14 days p e r  month. 
Second, t h e  c o l l e c t o r  must be aimed a t  t h e  sun ,  n e c e s s i t a t i n g  a t r a c k i n g  
mechanism. F i n a l l y ,  and most fundamental ,  t h e  s o l a r  c o n s t a n t  (averaging 
1400 watts/meter* on t h e  l u n a r  s u r f a c e )  i s  an a b s o l u t e  upper l i m i t  t o  t h e  
amount of energy which can be c o l l e c t e d  per  u n i t  a r e a ;  f o r  very  h igh  
y i e l d s ,  t h e r e f o r e ,  t h e  c o l l e c t o r  a r e a  must be  v e r y  l a r g e .  
Lunar geothermal energy i n  t h e  form of  v o l c a n i c  gases  has  been 
eva lua ted  a s  a p o s s i b l e  power source  by A u s t i n ,  e t  a l . 3  
obvious ly  depends on t h e  e x i s t e n c e  of  r e c e n t  volca.nism on t h e  moon, a 
p o s s i b i l i t y  now taken very s e r i o u s l y  s i n c e  t h e  confirmation by competent 
astronomers of t r a n s i e n t  e v e n t s ,  which may r e p r e s e n t  d e f l u i d i z a t i o n .  
T h e o r e t i c a l  s t u d i e s 5  s t r o n g l y  i n d i c a t e  t h a t  t h e  p o t e n t i a l  f o r  v o l c a n i c  
I t s  u s e f u l n e s s  -- 
4 
a c t i v i t y  does n o t  c o n t r a d i c t  t h e  g e n e r a l l y  accepted  cold p lane tes imal  theory  
of t h e  moon's o r i g i n ,  s i n c e  long-l ived i s o t o p e s  would dominate t h e  c u r r e n t  
h e a t  f low.  Geothermal power has  s e v e r a l  c h a r a c t e r i s t i c s  which make it of 
p o t e n t i a l  v a l u e . 3  F i r : ; t ,  and most impor tan t ,  even with a r e l a t i v e l y  low 
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water c o n t e n t ,  v o l c a n i c  gases  themselves a r e  a p o t e n t i a l l y  u s e f u l  product .  
Second, t h e  power o u t p u t  i s  continuous (al though levels may d e c l i n e  w i t h  
t i m e  from any one ven t ) .  F i n a l l y ,  a geothermal d r i l l i n g  o p e r a t i o n  would 
be t o  some extent s e l f - s u p p o r t i n g ,  a s  Aus t in ,  e t  a l .  p o i n t  o u t ;  steam 
from a small  w e l l  could be used t o  d r i l l  a b i g g e r  w e l l ,  e t c . ,  whereas o t h e r  
power sources  must have a d d i t i o n a l  equipment brought i n  t o  i n c r e a s e  y i e l d .  
--
E a r l y  l u n a r  b a s e s ,  such a s  t h e  LESA I ,  would probably use a mix of 
power s o u r c e s ,  i n c l u d i n g  f u e l  c e l l s  and s o l a r  ce l l s . 6  
however, ( s p e c i f i c a l l y  t h e  35 kw SNAP-8 r e a c t o r )  becomes a t t r a c t i v e  f o r  
o p e r a t i o n s  involv ing  o n l y  6 men f o r  up t o  6 months i n  t h e  LESA concept ,  w i t h  
a 100 kw r e a c t o r  recommended f o r  larger b a s e s .  There i s  t h u s  l i t t l e  requirement  
f o r  s o l a r  power, and no immediate requirement f o r  geothermal power. The 
m a t e r i a l  v a l u e  o f  v o l c a n i c  steam, however, could r a p i d l y  make such sources  
compet i t ive  should t h e y  be found. 
Nuclear  power, 
Indigenous Raw M a t e r i a l s  
Lunar r a w  m a t e r i a l s  may b e  convenient ly  c l a s s i f i e d ,  on t h e  b a s i s  of  
f u n c t i o n ,  i n  t h r e e  major  c a t e g o r i e s :  l i f e  s u p p o r t ,  s t r u c t u r a l  purposes ,  
and r o c k e t  f u e l .  
M a t e r i a l s  f o r  l i f e  suppor t - -a i r ,  water ,  and food--are o f  immediate 
i n t e r e s t .  A i r  i s  c l e a r l y  t h e  most important ;  i n  a d d i t i o n  t o  oxygen, small  
q u a n t i t i e s  of  t h e  m e t a b o l i c a l l y  i n e r t  components, such a s  n i t r o g e n ,  helium, 
o r  argon would b e  d e s i r a b l e  f o r  long-term o p e r a t i o n s  t o  make up leakage.  
Water i s  of a lmost  equal  importance,  because it can be e l e c t r o l y z e d  t o  
produce oxygen i n  a d d i t i o n  t o  i t s  primary u s e s  o f  d r i n k i n g ,  washing, and 
c o o l i n g .  Food requirements  w i l l  probably be  m e t  f o r  a l l  bu t  t h e  most 
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advarced luna r  i r s . a l l a t i o > s  by shipmer.ts from e a r t h ,  a l though  c losed  
ecology a g r i c u l t u r e  o r  synthesis a r e  even tua l  p o s s i b i l i t i e s .  
There are t w o  major c a t e g o r i e s  of s t r u c t u r a l  u s e s  f o r  l u n a r  m a t e r i a l s ,  
betweep: which t h e r e  i s  no sha rp  d i v i s i o n ,  These a r e  s h e l t e r  c o n s t r u c t i o n  
and s h i e l d i n g  a g a i n s t  rad ia t iore  and micrometeoroids.  M a t e r i a l  f o r  s h i e l d i n g ,  
depending i n  both  cases p r i m a r i l y  on m a s d u n i t  a r e a ,  can have a wide range  
of p r o p e r t i e s  as long a s  i t  can be worked. 
assuned t o  be a v a i l a b l e  ic LESA s t u d i e s S 7  
f o r  s h e l t e r  coRs t ruc t ion ,  on t h e  o t h e r  hand, i s  somewhat s p e c u l a t i v e ,  most 
such proposa ls  c e n t e r i n g  on t h e  u s e  of e x i s t i n g  n a t u r a l  c a v i t i e s .  Green 
proposed t h e  u s e  of l a v a  tubes  f o r  s h e l t e r ;  t h e  d iscovery  of  what might be  
c o l l a p s e  dep res s ions  on Ranger photographs of  Mare Cognitum l e d  Ku ipe r ,  e t  a l .  
t o  make t h e  same sugges t ion .  
S h i e l d i n g  m a t e r i a l  i s  t h u s  
The u s e  of l u n a r  rock o r  s o i l  
2 
8 
Rocket f u e l s  are t h e  t h i r d  f u n c t i o n a l  group of l u n a r  r p w  m ; r t e r i a l s ,  
and because of  t h e  l a r g e  weights r e q u i r e d ,  q u a n t i t a t i v e l y  t h e  most impor t an t .  
S t e inhof f  p o i n t s  o u t ,  i n  f a c t ,  t h a t  water a l o n e  might supply 90% of a l l  
l una r  l o g i s t i c  requi rements .  The most d e s i r a b l e  chemical r o c k e t  f u e l s  a t  
t h i s  t i m e  appear t o  be hydrogen and oxygen; t h e  problem of t h e i r  d i scove ry  
and use  i s  t h u s  e s s e n t i a l l y  t h a t  of water r e s o u r c e s .  I n  a d d i t i o n ,  hydrogen 
and oxygen could power f u e l  c e l l s  f o r  s u r f a c e  v e h i c l e s ,  and hydrogen a lone  
could se rve  as r e a c t i o n  mass f o r  n u c l e a r  r o c k e t s .  F i s s i o n a b l e  f u e l  i t se l f  
w d d  co3 t inue  t o  be brought from e a r t h  f o r  t h e  f o r e s e e a b l e  f u t u r e  because 
of t h e  complexity of uranium r e f i n i n g  o p e r a t i o n s , e v e n  i f  o r e  w e r e  p r e s e n t .  
9 
W e  s h a l l  begin ou r  d i s c u s s i o n  of t h e  n a t u r e  of materials which might 
be used t o  m e e t  t h e s e  requi rements  wi th  a b r i e f  summary of  t h e  e lementa l  
abundances, s i n c e  t h e s e  govern t h e  p o s s i b l e  r ange  of rocks  and m i n e r a l s .  
A u s e f u l  t a b u l a t i o n  i s  given by Ringwood" (Table 1). 
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R e l a t i v e  Abundances of Some Common Elements i n  t h e  Sun 
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The r e l a t i o n  o f  t h e  s o l a r  atmosphere t o  t h e  composition o f  t h e  moon 
i s  of  cour se  a d i f f i c u l t  cosmochemical problem. However, t h e  moon i s  thought  
by some s c i e n t i s t s  t o  c o n s i s t  a t  l e a s t  p a r t l y  of  u n d i f f e r e n t i a t e d  non- 
v o l a t i l e  s o l a r  m a t t e r ;  should t h i s  be t r u e ,  it impl i e s  that t h e  abundance 
of  carbon and hydrogen may be r e l a t i v e l y  h igh .  Urey’l i n  f a c t  es t imates  
t h a t  t h e  moon may con ta in  about 7-1170 by weight of carbon ( g r a p h i t e )  and 
2-3% water. Nitrogen may a l s o  be r e l a t i v e l y  abundant i n  t h e  moon, judging 
from i t s  s o l a r  abundance, a l though i t s  mode of occurrence  i s  d i f f i c u l t  t o  
p r e d i c t .  Carbonaceous chondr i t e s  would be a good source  of combined n i t r o g e n  
i f  abundant;  o t h e r  p o s s i b i l i t i e s  a r e  ammonium s a l t s  i n  v o l c a n i c  rocks  and 
fumarol ic  g a s s e s .  
S p e c i f i c  rock types  which may occur on t h e  moon cover a wide range: 
t h e  problem o f  p r e d i c t i n g  them i s  t i e d  up with t h e  gene ra l  problems of t h e  
composition of  t h e  moon and t h e  o r i g i n  of  i t s  s u r f a c e  f e a t u r e s .  For con- 
venience ,  they  may be d i scussed  under t h r e e  c a t e g o r i e s :  m e t e o r i t e s ,  igneous 
r o c k s ,  and rocks  formed by shock metamorphism. 
M e t e o r i t e s  a r e  of g r e a t  importance i n  t h e  e s t i m a t i o n  of l u n a r  r e sources  
f o r  two r e a s o n s ,  F i r s t ,  some m e t e o r i t e s  may have come from t h e  moon. Urey 42 
- 8 -  
p r e s e n t s  evidence f o r  t h i s  t h e o r y ,  and proposes  s p e c i f i c a l l y  t h a t  some carbon- 
aceous c h o n d r i t e s  may be of l u n a r  o r i g i n .  Second, m e t e o r i t e s  provide  d i r e c t  
evidence of t h e  range of  p e t r o l o g i c  processes  which have o p e r a t e d  i n  t h e  
s o l a r  system, t h u s  a i d i n g  a t tempts  t o  i n f e r  l u n a r  rock t y p e s .  
The carbonaceous c h o n d r i t e s  are of p a r t i c u l a r  i n t e r e s t  i n  t h i s  review 
because o f  t h e i r  h igh  water  c o n t e n t .  These m e t e o r i t e s ,  a l though r a r e  i n  
museum c o l l e c t i o n s ,  occupy a c e n t r a l  r o l e  i n  cosmochemical t h e o r y .  Ringwood, 10 
f o f  example, c o n s i d e r s  them t o  be s i m i l a r  t o  t h e  pr imordia l  m a t e r i a l  from 
which t h e  p l a n e t s  w e r e  formed by a u t o r e d u c t i o n .  
analyzed carbonaceous c h o n d r i t e s  have been t a b u l a t e d  i n  a comprehensive 
review by Mason: 
The chemical composi t ions of  
1 2  
Table  2 
* Carbon and Hydrogen Contents  o f  Carbonaceous Chondr i tes  
Type 1 Type I1 Type I11 
S i 0 2  22.56 27.57 33.58 
MgO 15.21 19.18 23.74 
C 3.54 2.46 0.46 
20.08 13.35 0 . 9 9  
6.20 3.25 2.27 S 
H20 
* Based on mean v a l u e s  of  11 a n a l y s e s  by H. B.  Wiik and 3 from 
l i t e r a t u r e .  
The water c o n t e n t s  repor ted  by Wiik and o t h e r s  must n o t  be  u n c r i t i c a l l y  
accepted a s  r e p r e s e n t i n g  t h e  p r e - t e r r e s t r i a l  water  conten t :   boat^^^ has  
shown, by i s o t o p i c  a n a l y s i s ,  t h a t  water  d r i v e n  o f f  a t  t empera tures  up t o  18OoC 
i s  c h i e f l y  absorbed ( i . e . ,  terrestrial)  water .  H e  p r e s e n t s  9 a n a l y s e s  of 
Type I carbonaceous c h o n d r i t e s  wi th  an average combined (+ 18OoC) water  c o n t e n t  
o f  7 . 3 %  by weight. 
- 
The minera ls  of t h e  Type I and I1 carbonaceous c h o n d r i t e s  ( t h e  only  ones 
cons idered  t r u e  members of t h e  c lass  by Mason) inc lude  serpent ine-group 
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minera ls ,  magne t i t e - l i ke  s p i n e l ,  and water -so luble  s a l t s  such a s  epsomite 
(MgS04 7H20). The o r g a n i c  compounds a r e  high-molecular-weight a l i p h a t i c  
and a romat i c  hydrocarbons,  probably of ab iogenic  o r i g i n .  13  
- 
Even i f  w e  n e g l e c t  t h e  p o s s i b i l i t y  t h a t  t h e  carbonaceous c h o n d r i t e s  
come from t h e  moon, they  have important i m p l i c a t i o n s  f o r  l u n a r  r e source  
u t i l i z a t i o n .  F i r s t ,  t h e y  demonstrate t h e  former e x i s t e n c e ,  i n  an e x t r a -  
t e r r e s t r i a l  body, of l i q u i d  water by t h e  presence  of  veins of hydrothermal 
minera ls  such a s  epsomite.  44 Second, they i n d i c a t e ,  i n  conjunct ion  wi th  t h e  
s t u d i e s  of Watson, Murray, and Brown, t h a t  an a i r l e s s  body much sma l l e r  t h a n  
t h e  moon a t  one as t ronomica l  u n i t  from t h e  sun could  r e t a i n  water  t o  t h e  p r e s e n t  
t i m e . 4 4  
system of an e x c e l l e n t  water-bearing o re .  
F i n a l l y ,  they obvious ly  prove t h e  e x i s t e n c e  somewhere i n  t h e  s o l a r  
Other  m e t e o r i t e s  w i th  imp l i ca t ions  f o r  l u n a r  r e sources  a r e  t h e  a c h o n d r i t e s .  
It has  been demonstrated t h a t  most o f  t h e s e  m e t e o r i t e s  have been formed by 
i4 c r y s t a l l i z a t i o n  of a b a s a l t i c  magma. 
ev idence  summarized by Wood, 45 inc luding  t h e  shock o r i g i n  of m e t e o r i t i c  
diamond, t h e  absence o f  o t h e r  h igh-pressure  phases ,  and thermodynamic ca l cu -  
l a t i o n s  i n d i c a t e  t h a t  m e t e o r i t e s  i n  genera l  were formed i n  o r  from small  bodies  
w i t h  d iameters  under a few hundred k i lome te r s .  I t  t h e r e f o r e  appears  t h a t  
magma gene ra t ion  can t a k e  p l a c e  i n  bodies much sma l l e r  than  t h e  moon; i n  
view of t h e  low p res su re  g r a d i e n t  i n  t h e  moon,5 w e  should expec t  s i m i l a r  
magma gene ra t ion  t o  t a k e  p l a c e  t h e r e .  
p r o b a b i l i t y  t h a t  igneous a c t i v i t y  was l a r g e l y  r e s p o n s i b l e  f o r  t h e  e v o l u t i o n  
of t e r r e s t r i a l  oceans ,  it seems l i k e l y  t h a t  a p r i n c i p l e  mechanism f o r  t h e  
product ion  of hydrothermal f l u i d s  i n  the moon hes  been a c t i v e .  
Furthermore,  s e v e r a l  s t r o n g  l i n e s  of  
S ince  R ~ b e y ~ ~  has demonstrated t h e  
- 
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I t  i s  be l i eved  by most s c i e n t i s t s  t h a t  some v o l c a n i c  a c t i v i t y  has  
- 
t aken  p l ace  on t h e  moon, a l though most t opograph ic  f e a t u r e s  a r e  cons ide red  
t o  be t h e  r e s u l t  of m e t e o r i t i c  o r  cometary impact. The mar ia  i n  p a r t i c u l a r  
a r e  g e n e r a l l y  thought  t o  be l ava  f lows ,  a l though  t h e  theo ry  15y16y17 t h a t  t hey  
a r e  v a s t  d e p o s i t s  of welded v o l c a n i c  a sh  (welded t u f f  o r  i g n i m b r i t e )  i s  
g a i n i n g  r ecogn i t ion .  P i c t u r e s  from Rangers 7 ,  8 and 9 and Surveyor I have 
l a r g e l y  e l imina ted  t h e  extreme p o s s i b i l i t i e s  of  e l e c t r o s t a t i c a l l y - s u s p e n d e d  
d u s t  o r  aa  l ava .  P resen t  op in ions  on t h e  mare rock types  f a v o r  h e a v i l y -  
impacted b a s a l t  o r  i g n i m b r i t e  w i th  an inde te rmina te  degree  of  impact.  
p re l imina ry  r e s u l t s  from t h e  gamma-ray spec t rometer  c a r r i e d  by Luna 10 
i n d i c a t e  , according t o  Vinogradov, l8 t h a t  t h e  s u r f a c e  has  t h e  r a d i o a c t i v e  
element con ten t  of  b a s a l t .  Vinogradov a l s o  poin ted  o u t ,  however, t h a t  t h e s e  
elements (uranium, thorium, and potassium-40) a r e  en r i ched  by on ly  a f a c t o r  
of about  10 i n  g r a n i t e s  r e l a t i v e  t o  b a s a l t s ,  bu t  by much more r e l a t i v e  t o  
u l t r a b a s i c  rocks o r  chondr i t e s .  The q u e s t i o n  i s  t h u s  n o t  s e t t l e d  wi th  regard  
t o  g r a n i t i c  vs .  b a s a l t i c  rocks ;  a l una r  o r i g i n  f o r  t e k t i t e s  would i n d i c a t e  
g r a n i t e ,  i f  proven. 
sugges ted  p o s s i b i l i t i e s  ranging  from c h o n d r i t i c  m e t e o r i t e s  t o  r h y o l i t e .  
Other  rock  types  which may occur  inc lude  s e r p e n t i n e  and hydro thermal ly  
a l t e r e d  volcanic  rocks ,  bo th  of which may con ta in  s e v e r a l  pe r  c e n t  water by 
weight.  
The 
The n a t u r e  o fh igh land  rock types  i s  even more u n c e r t a i n ,  
The l a t t e r  are cons idered  p o s s i b l y  u s e f u l  f o r  l una r  water e x t r a c t i o n  
by Green. 19 
Chemical compositions of p o t e n t i a l  l u n a r  rock types  have been ca l cu -  
l a t e d  by Palm and Strorn,*' and a r e  reproduced i n  Table  3 .  
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Table 3 
Elemental  Abursdar?ces in Poss ib l e  Lunar Rocks (Weight %I 
(Modified a f t e r  Palm and Strom) 
Aero1 it i c  
E l  emezt Gran it i c Basal t i c  ( s toney  m e t e o r i t e s )  
Oxygen 
s i 1 icon 
Alumimum 
1' L'OE 
Yagri es i um 
C a1 c ium 
Sodium 
Po t  as s ium 
Nickel 






0 "  1-2 
0.1-3 























An impor tan t  p o k t  not g e n e r a l l y  cons ide red  i n  d i s c u s s i o n s  of l u n a r  
pe t rography i s  t h e  p o s s i b i l i t y  t h a t  a l l  t h e  rock t y p e s  may have been shock- 
metamorphosed by t h e  impact of  m e t e o r i t e s  o r  comets. I f  t h e  v a s t  h i e r a r c h y  
of c i r c u l a r  dep res s ions  which make up t h e  moon's s u r f a c e  pre p r i m p r i l y  due 
t o  impact,21 t h e  e f f e c t s  of shock-metamorphism might dominate t h o s e  of 
v o l c a n i c  o r  o t h e r  f a c t o r s .  A comprehensive c o l l e c t i o n  o f  papers  on shock 
metamorphism p resen ted  a t  Goddard Space F l i g h t  Center  i n  A p r i l ,  1966 i s  i n  
p r e p a r a t i o n  by B.  M. Fren~h!~The major e f f e c t s  of  shock on rocks  appear 
t o  b e ,  i n  o r d e r  of  importance: i n t e n s e  b r e c c i a t i o n  and mixing, f r a c t u r i n g  
of rocks  and c r y s t a l s  down t o  an atomic s c a l e ,  s h o c k - v i t r i f i c a t i o n  of  
c r y s t a l s ,  and thermal me l t ing .  Compositional changes appear t o  be s l i g h t ,  
w i t h  t h e  p o s s i b l e  except ion  of t e k t i t e s .  I f  t h e s e  prove t o  r e p r e s e n t  t h e  
h i g h e s t  f a c i e s o f  impact metamorphism, t h e y  may be d e p l e t e d  i n  water, r e l a t i v e  
t o  t h e  p a r e n t  material .  
The phys ica l  proper ties of the  materials comprising t h e  moon ' s s u r f  a c e  
are a p p r o p r i a t e l y  mentioned h e r e ,  a l though a complete d i s c u s s i o n  would be 
f a r  beyond t h e  scope of t h i s  paper .  
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Pre-Ranger d a t a ,  from r a d a r ,  thermal ,  and o p t i c a l  s t u d i e s  o f  t h e  moon 
i n d i c a t e d  t h a t  most of  t h e  s u r f a c e ,  except, f o r  t h e  v i c i n i t y  o f  r a y  c r a t e r s  
and a few o t h e r  anomalous reg ions ,**  was covered with a r e l a t i v e l y  under- - 
23 dense b lanket  of n,on-consolidated mat.eria1 (as c o n t r a s t e d  wi th  s o l i d  r o c k ) .  
Ranger a id  Surveyor p i c t u r e s  have tended t o  confirm t h i s  p i c t u r e  i n  t h e  
a r e a s  they  cover .  Although it i s  n o t  y e t  p o s s i b l e  t o  d i s t i n g u i s h  between 
h e a v i l y  i.mpacted t e r r a i r !  ac.d p y r o c l a s t . i c  m a t e r i a l  (such a s  v o l c a n i c  a s h ) ,  
it seems safe t o  conclude t h a t  t h e  ear l ie r  i n t e r p r e t a t i o n  was e s s e n t i a l l y  
c o r r e c t ,  and t h a t  much of t.he moon i s  covered wi th  a s o i l - l i k e ,  unconsol ida ted  
l a y e r .  I t  should b e  stressed t h a t  "unconsol idated" does n o t  imply low 
b e a r i n g  s t r e n g t h ;  d r y  sa3d i s  unconsol ida ted  but  t r a f f  i ~ a b l e . 2 ~  The s u c c e s s f u l  
landing  and o p e r a t i o n  o f  Luna 9 and Surveyor I impl ies  s u f f i c i e n t  b e a r i n g  
s t r e n g t h  over  much of  t h e  l u n a r  s u r f a c e .  
P r o n r o s i s  f o r  Lunar  M a t e r i a l  Resources 
It  is  possi 'b le  t o  make v e r y  approximate p r e d i c t i o n s  a s  t o  t h e  occurrence  
of s e v e r a l  u s e f u l  t y p e s  of m a t e r i a l  on t h e  moon, T h i s  i s  o f  c o u r s e  r i s k y  
i n  t h e  l i g h t  of  r a p i d  advances of  o u r  knowledge of t h e  moori; however, f i r m  
information on t h e  m a t s r i a l s  mentioned probably will n o t  b e  ava i l a .b l e  
u n t i l  much more e l a b o r a t e  unmanced l u n a r  probes have landed,  o r  p o s s i b l y  
u n t i l  mamed 1an.di.ngs. 
Oxyge?.,: TE: i s  esser;.::ially certai?. that t h e r e  is abundant combined 
oxyger; ir. l u n a r  r o c k s ,  T h i s  f o l l o w s ,  a p r i o r i ,  from t h e  f a c t  t h a t  a l l  s i l i c a t e  
m i n e r a l s  a r e  composed of  S i04  t e t r a h e d r a  i n  vari .ous s t x u c t u r e s ,  combined w i t h  
o t h e r  e lements;  and t h e  moori's low d e p s i t y  (3.34 grams/cm3) prec ludes  a l a r g e  
m e t a l l i c  fracti.orr The oxyger eor:.t.ent probably ran,ges from about t h a t  of  
meteorit i .c.  m a t t e r ,  a\,eragi,Qg about: 33% (by weight,] l4 t o  that  of  ,the e a r t h ' s  
- 
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c r u s t ,  about 47%.25 
by Mason i n  t h e  two works c i t e d .  
Comparable va lues  f o r  o t h e r  elements a r e  a l s o  p re sen ted  
Water: The most conse rva t ive  e s t i m a t e s  of  l una r  water con ten t  a r e  
based on t h e  assumption t h a t  t h e r e  has been e x t e n s i v e  d e f l u i d i z a t i o n  of t h e  
moon by means of  vulcanism. I n  t h a t  event, Green” estimates t h a t  w e  could  
expec t  l a r g e  q u a n t i t i e s  of una l t e red  v o l c a n i c  rock with a water con ten t  of 1% 
by weight (H20+). 
might a l s o  be found. 
o r  comparable rock would be a more f avorab le  water  source ,  con ta in ing  13-20%. 
Near -sur face  permafros t  would be by f a r  t h e  b e s t  source ,  s i n c e  lenses of 
e s s e n t i a l l y  pure  ice might occur.  
shaded a r e a s  a r e  p o s s i b l e 2 6  bu t  l a r g e  q u a n t i t i e s  a r e  improbable. 
Occasional d e p o s i t s  of a l t e r e d  vo lcan ic s  wi th  2-3% H20+ 
Large q u a n t i t i e s  of t ype  I and I1 carbonaceous c h o n d r i t e s  
I c e  d e p o s i t s  on t h e  s u r f a c e  i n  permanently 
Hydrocarbons: I f  carbonaceous c h o n d r i t e s  o r  t h e  e q u i v a l e n t  o c c u r ,  
material w i t h  an o rgan ic  matter con ten t  on t h e  o r d e r  of 5-10% by weight 
might be expec ted ,  c o n s i s t i n g  c h i e f l y  of hydrocarbons. 
S u l f u r :  GreenL p o i n t s  o u t  t h a t  s u l f u r  i s  t h e  most abundant n o n - s i l i c a t e  
mineral  i n  v o l c a n i c  t e r r a i n s ;  e n t i r e  c r a t e r s  o c c a s i o n a l l y  become f i l l e d  wi th  
s u l f u r .  Accordingly,  if abundant vulcanism has  occurred on t h e  moon, u s a b l e  
q u a n t i t i e s  o f  s u l f u r  should be found. 
a s  a sealer, a cement, and a working f l u i d  i n  power p l a n t s ,  among o t h e r  
t h i n g s .  S u l f u r  a l s o  occur s  i n  chondr i t e s  (averaging  2 .1%)  c h i e f l y  a s  FeS 
and carbonaceous c h o n d r i t e s  (up t o  6.6%).  
Green sugges t s  t h a t  it might be used 
14 
S h i e l d i n g  m a t e r i a l :  Assuming t h a t  t h e  chemical composition of m a t e r i a l  
f o r  r a d i a t i o n  and micrometeoroid s h i e l d i n g  i s  n o t  c r i t i c a l ,  it seems s a f e  
t o  expec t  s u f f i c i e n t  q u a n t i t i e s  of  workable l o o s e  m a t e r i a l  f o r  almost any 
purpose,  f o r  reasons  mentioned i n  the  d i s c u s s i o n  of phys ica l  p r o p e r t i e s .  
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Miscellaneous: Basalr. i s  used i n  Czechoslovakia f o r  c a s t  p ipes  and 
41 s imilar  items r e q u i r i n g  high r e s i s t a n c e  t o  a b r a s i o n  and c o r r o s i o n .  
Green2 has acco rd ing ly  proposed a v a r i e t y  of l u n a r  u s e s  f o r  b a s a l t  i n  a 
l u n a r  base.  However, t h e  t e c h n i c a l  requi rements  f o r  such u t i l i z a t i o n  would 
be beyond a l l  bu t  t h e  most e l a b o r a t e  and well-equipped i n s t a l l a t i o n .  Other  
subs t ances  which might 'be found i n  u s a b l e  q u a n t i t i e s  i n  a v o l c a n i c  t e r r a i n  
irrclude va r ious  s a l t s  and v o l c a n i c  sub l ima tes  ( c h i e f l y  h a l i d e s ) ,  z e o l i t e s ,  
and metall ic n i c k e l - i r o n .  
Discovery and Evalua t ion  of Lunar Resources 
There are  t h r e e  major s t a g e s  i n  t.he d i s c o w r y a n d  e v a l u a t i o n  of l u n a r  
material r e sources .  
Ear th-based  S' tudies of m e t e o r i t e s  and terrestr ia l  analogues of  l u n a r  
and p l a n e t a r y  rock types  are t h e  basis f o r  much of  t h i s  d i s c u s s i o n ,  and 
c l e a r l y  should be cont inued  and expanded. Add i t iona l  i n v e s t i g a t i o n s  of 
oxygen and hydr.ogen e x t r a c t i o n  from such materials should be pursued because 
of  t h e  p r i m i t i v e  s t a t e  of technology i n  t h i s  a r e a .  D e f i n i t e  determinRtion 
of  t h e  rock t y p e s  e x i s t i n g  on t h e  moon should 'be r a p i d l y  followed by p i l o t -  
p l a n t  design i f  the compositior.s  warran t  i t ,  
Orb iQa l  s e n s i r g  w i l l  'be t k e  next s t e p  i n  e v a l u a t i o n  of l u n a r  r e s o u r c e s .  
Westhusing and C r ~ w e ~ ~  p r e s e n t  t h e  r e s u l t s  o f  a comprehensive s tudy  of  
techniques  which might be a p p l i e d  t o  l u n a r  water d e t e c t i o n  from o r b i t i n g  
v e h i c l e s ,  and recommeid t h e  fo1lowi.ng: p h o t o - t e l e v i s i o n ,  i n f r a r e d  su rveys ,  
r a d a r  al t imeter,  and magnetic measurements. I t  i s  h a r d l y  necessa ry  t o  
mentior!. t h a t ,  any success fu l  l u n a r  o r b i t e r ,  even though n o t  designed 
s p e c i f i c a l l y  for r e source  d e t e c t i o n ,  w i l l  p rovide  v a l u a b l e  informat ion  f o r  
t h i s  purpose 
- 1 5 -  
Sucfa,-e and sclrsurface lur4ar exp lo ra t ion  w i l l  be t h e  u l t i m a t e  s t a g e  of 
r e source  d iscovery  a-Id e v a l u a t i o r ,  Again,  it w i l l  be d i f f i c u l t  t o  s e p a r a t e  
eco-iomic Znvestiga5ions k ron bas ic  geo log ica l  and geophys ica l  mapping. 
H o w s e r 9  some s p e c ~ a l  t e c t n i q u e s  might b e  u s e d ,  
a b m e ,  Westkusing and Crowe recommend t h e  fo l lowing  methods f o r  l u n a r  water 
e x p l o r a t i o n  dur ing  sEr face  mrss io r s :  gamma ray surveys ,  t e l e v i s i o n ,  i n f r a -  
~ e d  sw- e y s  g r a v i t y  measuremerc ts ? rnageet i c  f i e l d  measurements, and e l e c t r o -  
magnc=Li: ~ne’:lr_ods. 
In t h e  same r e p o r t  r e fe renced  
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EXTRACTION OF LUNAR RESOURCES 
.. 
The process  of e x t r a c t i n g  luna r  r e s o u r c e s  and conve r t ing  them i n t o  u s a b l e  
form a r e  d i scussed  under t h r e e  headings: mining, material hand l ing  and 
t r a n s p o r t a t i o n ,  and p rocess ing .  
- 
Min inn 
There a r e  two major c a t e g o r i e s  of  mining methods: s u r f a c e  and sub- 
s u r f a c e .  Sur face  methods, t y p i f i e d  by open c u t t i n g  and s t r i p p i n g ,  a r e  
g e n e r a l l y  much lower i n  c o s t  on e a r t h .  For t h e  moon, however, t hey  have 
t h e  obvious d isadvantage  t h a t  they  must be done i n  t h e  open ,  exposed t o  
near -space  c o n d i t i o n s  of vacuum, r a d i a t i o n ,  and micrometeoroid f l u x .  P l a n s  
have been developed f o r  s u r f a c e  excavat ion  a s  p a r t  of t h e  LESA s t u d i e s Y 6 ’  
and such methods w i l l  probably be used f o r  materials such a s  l o o s e  r u b b l e  
f o r  s h i e l d i n g .  Because of  t h e  d i sadvan tage  of space  exposure ,  however, 
most i n v e s t i g a t i o n s  have cen te red  on subsu r face  methods. 
Subsurface  L in ing  has t h e  fo l lowing  major advantages:  
1. Opera tors  and equipment are p r o t e c t e d  from r a d i a t i o n ,  
micrometeoroids,  and extreme t empera tu res ;  
2 .  Opera t ions  can be conducted, w i th  s u i t a b l e  l o c k s ,  i n  an 
atmosphere of some s o r t ,  t h u s  e a s i n g  problems such as 
d r i l l - b i t  coo l ing  and l u b r i c a t i o n  of moving p a r t s :  
3 .  S h e l t e r  and mining si tes can be c l o s e  t o g e t h e r ,  and 
former s t o p e s  and t u n n e l s  may be used f o r  s h e l t e r  o r  
s t o r a g e  a 
The a c t u a l  subsu r face  t echn ique  used w i l l  depend l a r g e l y  on t h e  type  
of  material  be ing  mined. 
f o r  example, would probably be e x t r a c t e d  by some s o r t  of caving .  More 
A l a r g e  low-grade d e p o s i t  of water -bear ing  rock ,  
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s p e c i f i c  choices  w i l l  depend on t h e  s i z e ,  shape ,  and grade of t h e  o re  body, 
- a s  w e l l  as on o t h e r  f a c t o r s ,  such as p o s s i b l e  g r a i n  adhesion.  
From a c o s t - e f f e c t i v e n e s s  viewpoint,  n u c l e a r  explos ives  a r e  g r e a t l y  
- 
t o  be p r e f e r r e d  f o r  l a r g e  volume mining o p e r a t i o n s  because of t h e i r  low 
w e i g h t ,  and because t h e y  may lend  themselves t o  i n  s i t u  e x t r a c t i o n  processes .  
However, development of n u c l e a r  mining methods has  been hampered on e a r t h  
28 -- 
by t h e  t e s t - b a n  t r e a t y ,  and might encounter s i m i l a r  d i f f i c u l t i e s  f o r  l u n a r  
use i f  n u c l e a r  e x p l o s i v e s  a r e  included under a t r e a t y  banning weapons of 
mass d e s t r u c t i o n  from t h e  moon. Nuclear e x p l o s i v e s  may i n  f a c t  a l r e a d y  
be e f f e c t i v e l y  r u l e d  out  f o r  l u n a r  use by t h e  e x i s t i n g  t e s t - b a n  t r e a t y .  
The p r a c t i c a l  ou t look  f o r  such methods t h e n ,  i s  n o t  promising. 
I 
M a t e r i a l  Handling 
Transpor ta t ion  and handl ing  of m a t e r i a l s  on t h e  moon i s  p a r t  of  t h e  
l a r g e r  problem of l u n a r  s u r f a c e  t r a n s p o r t a t i m .  Although f l y i n g  v e h i c l e s  
f o r  personnel  t r a n s p o r t a t i o n  a r e  under development, they  would no t  be 
economical f o r  use i n  mining Dperat ions.  It i s  presumed t h a t  mining w i l l  
be done n e a r  t h e  base s i t e ,  t hus  sugges t ing  t h e  d e s i r a b i l i t y  Df us ing  wheeled 
o r  t r a c k e d  s u r f a c e  v e h i c l e s .  
S t u d i e s  done a s  p a r t  of t h e  LESA concept  ’ lo i n d i c a t e  t h a t  a d a p t a t i o n s  
of t h e  b a s i c  wheeled s u r f a c e  v e h i c l e s  can be used f o r  s u r f a c e  mining and 
m a t e r i a l  h a n d l i n g ,  w i t h  t h e  a i d  of a t tachments .  For some purposes ,  a 
p o r t a b l e  monorail might be used .  Large-volume subsur face  mining would 
I 
probably r e q u i r e  t h e  development of  moon-adapted conveyor b e l t s ,  whose 
o p e r a t i o n  would be helped by the  atmosphere of s e a l e d  mines.  
I 
Mater ia l  Process ing  
The type  of m a t e r i a l  p rocess ing  t o  be done depends o f  course on t h e  
end-product d e s i r e d .  For process ing  purpases ,  l u n a r  r e s o u r c e s  can be 
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d i v i d e d  i n t o  t h r e e  main c l a s s e s :  e lements  (e .g , ,  s u l f u r ,  n i c k e l - i r o n ) ,  
compounds which are p o t e n t i a l  sources  of  d e s i r e d  elements ( e , g . ,  ice ,  
hydrated s i l i ca t e s ) ,  and m a t e r i a l s  used e s s e n t i a l l y  "as  i s , "  such a s  l o o s e  
s o i l  f o r  r a d i a t i o n  s h i e l d i n g  of  a s h e l t e r .  A t t e n t i o n  has  been c h i e f l y  
focussed on t h e  process ing  o f  t h e  second c l a s s ,  i . e . ,  on t h e  e x t r a c t i o n  o f  
e lements  such a s  oxygen and hydrogen from rocks and m i n e r a l s .  
Assuming t h e  d e s i r e d  m a t e r i a l s  t o  e x i s t  i n  u s a b l e  q u a n t i t i e s ,  f o u r  
major c o n s i d e r a t i o n s  govern t h e  choice  o f  process ing  method: energy 
requirements ,  a v a i l a b i l i t y  of necessary  c a t a l y t i c  m a t e r i a l s ,  c o m p a t i b i l i t y  
of t h e  process ing  equipment w i t h  space v e h i c l e s ,  and c o n c e n t r a t i o n  of  t h e  
d e s i r e d  elements.  Three major methods a r e  under c o n s i d e r a t i o n :  
1. Ore d i s s o c i a t i o n  by heat--This ca tegory  would apply t o  hydrous 
s i l i c a t e  o r e s  w i t h  l o o s e l y  bound hydroxy groups,  such a s  s e r p e n t i n e ,  c h l o r i t e ,  
and z e o l i t e s .  Water i s  e a s i l y  dr iven  o f f  from such m a t e r i a l  by tempera tures  
o f  a few hundred degrees  c e n t i g r a d e .  Such e x t r a c t i o n  might be  done w i t h  
d i r e c t  i n f r a r e d  r a d i a t i o n ,  r o t a t i o n  of  t h e  powdered o r e  through e l e c t r i c a l l y -  
hea ted  f l u i d i z e d  beds o r  k i l n s ,  o r  d e t o n a t i o n  of  n u c l e a r  d e v i c e s  i n  t h e  o r e  
body. 
a t i o n  o f  t h e  water ,  which would have t o  be  taken i n t o  account . )  Underground 
s t o r a g e  of t h e  water  t h u s  produced would be easy  because low and s t a b l e  
temperatures  a r e  reached a f e w  fee t  below t h e  s u r f a c e .  
(The last-named method might produce problems o f  r a d i o a c t i v e  contamin- 
2 .  E l e c t r o l y t i c  r e d u c t i o n - - E l e c t r o l y t i c  methods have an important  
advantage i n  r e q u i r i n g  n e i t h e r  water  nor  o t h e r  c a t a l y t i c  m a t e r i a l .  S i l i c a t e s  
have been s u c c e s s f u l l y  e l e c t r o l y z e d  t o  produce molecular  oxygen. 
a r e  i n  progress2' t o  i n v e s t i g a t e  t h e  a p p l i c a t i o n  of such techniques .  
s i d e r a b l e  development i s  necessary  because t h e r e  i s  no comparable t e r r e s t r i a l  
p rocess  with t h e  o b j e c t i v e  of  producing oxygen r a t h e r  than m e t a l .  
S t u d i e s  
Con- 
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3 .  Chemical reduction--This technique i s  o f  p a r t i c u l a r  p o t e n t i a l  v a l u e  
f o r  t h e  e x t r a c t i o n  of oxygen from lunar  s i l i c a t e s ,  and can draw on c o n s i d e r a b l e  
knowledge of  t h e  chemistry of reduct ion processes .  
u s e  methane t o  reduce s i l i c a t e s ,  t h e  product  being water ,  which would then 
be  e l e c t r o l y z e d  i f  e lemental  oxygen and hydrogen were d e s i r e d .  
system32 would u s e  hydrogen a s  t h e  reducing agen t .  
q u a n t i t i e s  of r e a c t a n t  would be c a r r i e d  t o  t h e  moon, w i t h  small p e r i o d i c  
make-up shipments t o  supply r e a c t a n t  l o s t  i n  r e c y c l i n g .  
A promising system31 would 
A comparable 
I n  both systems, i n i t i a l  
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ECONOMIC ANALYSIS OF EXTRATERRESTRIAL RESOURCES - 
E a r l y  s t u d i e s  of t he  use of e x t r a t e r r e s t r i a l  r e sources  were e s s e n t i a l l y  
q u a l i t a t i v e ,  and based on t h e  i n t u i t i v e  judgment t h a t  such use  would be 
economically j u s t i f i a b l e .  However, t h e  t ime i s  c l e a r l y  approaching when d e c i s i o n s  
as  t o  the  a c t u a l  f e a s i b i l i t y  of e x p l o i t i n g  t h e s e  r e s o u r c e s ,  and t h e  b e s t  methods 
f o r  doing s o ,  m u s t  be made. T o  f u r n i s h  a f i r m  base f o r  such d e c i s i o n s ,  s e v e r a l  
o rgan iza t ions  have developed techniques  f o r  q u a n t i t a t i v e  economic s tudy  of 
e x t r a t e r r e s t r i a l  resource  u t i l i z a t i o n .  
Before d i s c u s s i n g  these  t e c h n i q u e s ,  s e v e r a l  b a s i c  assumptions mus t  be 
c l a r i f i e d  . 
F i r s t ,  t h e r e  a r e  fou r  major c l a s s e s  of requirements  f o r  e x t r a t e r r e s t r i a l  
r e sources  : 
1. Li fe  support  ( i nc lud ing  s h e l t e r ,  s h i e l d i n g ,  and s t r u c t u r e d  m a t e r i a l s )  
2 .  Surface m o b i l i t y  f u e l  
3 .  Moon-earth r e t u r n  f u e l  
4. P l a n e t a r y  mission f u e l .  
Despi te  popular  b e l i e f ,  l i f e  suppor t  requirements  a r e  r e l a t i v e l y  l e s s  important  
i n  t h e  t o t a l  r e sources  demand p i c t u r e  than f u e l ,  p a r t l y  because of t h e  small  
abso lu t e  q u a n t i t i e s  involved and p a r t l y  because r egene ra t ion  i s  known t o  be 
f e a s i b l e .  Surface m o b i l i t y  requirements  a r e  p r e s e n t l y  cons idered  small  f o r  
e s s e n t i a l l y  the  same r e a s o n s ,  a l though i f  ex t ens ive  use i s  made of f l y i n g  
v e h i c l e s  on t h e  moon o r  Mars t h i s  requirement  would i n c r e a s e  because r e a c t i o n  
motors would be necessary .  
The major requi rements ,  t h e r e f o r e ,  a r e  rocke t  f u e l  e i t h e r  f o r  r e t u r n  t o  
t h e  e a r t h  from the  moon, or  f o r  manned p l a n e t a r y  f l i g h t s .  
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A second a s sunp t ion  i s  t h a t  t he  Sa turn  V w i l l  be t h e  b a s i c  launch v e h i c l e  
through 1980 and p o s s i b l y  1990. V a r i w s  o t h e r  assumptions have been desc r ibed  
i n  papers  presented  a t  the  t h i r d  and f o u r t h  annual WGER meeting33y34; t h e y  
concern launch c o s t s ,  mission modes, and types  of f u e l  r e source .  
e 
.. 
The method o f  economic a n a l y s i s  desc r ibed  by t h e  WGER invo lves  t h r e e  
s e p a r a t e  a n a l y s e s :  a resource  demand e s t i m a t e ,  a resource  t r a n s p o r t  c o s t  
e s t i m a t e ,  and a resource  manufacture c o s t  e s t i m a t e  ( t h e  l a s t  r e f e r r i n g  t o  
manufacture  on t h e  moon). 
Resource Demand Est imate  
The most important  f a c t o r  i n  forming a demand e s t i m a t e  i s  t h e  e x t e n t  of 
t h e  l u n a r  program. It was assumed t h a t  a quasi-permanent l u n a r  s c i e n t i f i c  
s t a t i o n  w i l l  be e s t a b l i s h e d  by 1975,  and maintained by crew r o t a t i o n  and 
l o g i s t i c  suppor t  through 1985. Complements of 6 t o  1 2  men were assumed. The 
most complete c o s t  a n a l y s i s  done by the WGER assumes a launch r a t e  of 8 
Sa tu rn  V ' s  pe r  yea r  f o r  a 2 0  year  per iod (1970-90). 
Resource TransDort E s t i m a t e  
~~ ~ ~ ~~~~~ 
The o p t i o n  t r e a t e d  i n  t h i s  e s t ima te  i s  t h a t  of b r ing ing  a l l  f u e l  from 
e a r t h ;  i . e . ,  t h a t  o f  no e x t r a t e r r e s t r i a l  m a t e r i a l  u t i l i z a t i o n .  Var i ab le s  
t r e a t e d  i n  t h i s  e s t i m a t e  inc lude  launch v e h i c l e  c o s t ,  v e h i c l e  r e l i a b i l i t y ,  
miss ion  r e l i a b i l i t y ,  and v e h i c l e  a v a i l a b i l i t y .  The e s t i m a t e  i t s e l f  i s  t h e  
product  of t h e  weight t r anspor t ed  from t h e  e a r t h  t o  t h e  moon and the  c o s t  
I per  u n i t  weight .  
- Resource Manufacture Cost Es t imate  
T h i s  i s  de f ined  a s  the  resupply  of a consumable resource  a t .  a l u n a r  
base by means of a l una r  m a t e r i a l  p rocess ing  p l a n t .  The two major phases  o f  
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manufacture are resource  a c q u i s i t i o n  ( i . e . ,  d i scovery  and e v a l u a t i o n )  
and resource e x p l o i t a t i o n .  
I tems which t o g e t h e r  determine t h e  f i n a l  c o s t  f i g u r e  i n c l u d e :  
1. Cost of sh ipping  equipment 
2 .  E l e c t r i c a l  power requirements  
3 .  Manpower requirements  . 
The a n a l y s i s  of t h e  manufactur ing c o s t s  was done on t h e  b a s i s  of 
e x t r a c t i o n  of water  from l u n a r  subsur face  ice  d e p o s i t s .  Although a n  o p t i m i s t i c  
model, i t  i s  e a s i l y  analyzed.  The t r a n s p o r t  and manufacture o p t i o n s  w e r e  
then  compared by performing paramet r ic  a n a l y s e s  of each .  P l o t s  were 
c o n s t r u c t e d  showing, f o r  t h e  y e a r s  1970,  1975, 1980, 1990,  t h e  c o s t  of each 
method a s  a f u n c t i o n  of resource demand i n  pounds per  month d e l i v e r e d  t o  
t h e  moon. S t u d i e s  a r e  s t i l l  i n  p r o g r e s s ,  and of course  w i l l  be r e p e a t e d  
a s  c o s t s  and o t h e r  v a r i a b l e s  change. Some p r e l i m i n a r y  r e s u l t s ,  however, 
can be mentioned. 
A six-man l u n a r  base, g r a d u a l l y  i n c r e a s i n g  t o  a 12-man complement, 
would amort ize  t h e  c o s t  of a l u n a r  manufactur ing p l a n t  ( f o r  water e x t r a c t i o n )  
w i t h i n  s i x  t o  e i g h t  y e a r s ,  depending on t h e  chemical p r o c e s s  used and t h e  
s t a r t i n g  m a t e r i a l  ( i c e  vs . p e r m a f r o s t ) .  
Cost a n a l y s e s  have been performed by G i l l e ~ p i e ~ ~  on t h e  use of l u n a r  
p r o p e l l a n t s  t o  r e t a n k i n g  s p a c e c r a f t  f o r  i n t e r p l a n e t a r y  m i s s i o n s .  Four t o  
s i x - f o l d  r e d u c t i o n s  i n  launch mass are  p o s s i b l e  when l e a v i n g  t h e  s u r f a c e  of Mars 
on conjunct ion-c lass  and Venus-swingby t r i p s  t o  e a r t h .  I n  some c a s e s ,  even 
a ten-fold r e d u c t i o n  i s  p o s s i b l e .  Depar tures  from t h e  s u r f a c e  of Venus a r e  
p o s s i b l e  i f  l u n a r  r e t a n k i n g  i s  u s e d ;  without  i t ,  only d e p a r t u r e  from a Venus 
park ing  o r b i t  i s  w i t h i n  o u r  e n g i n e e r i n g  c a p a b i l i t y .  It i s  b e l i e v e d  t h a t  
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. e v e n t u a l l y  t h e  c o s t  of i n t e r p l a n e t a r y  t r a n s p o r t a t i o n  can be reduced a f u l l  
o rder  o f  magnitude. 
L 
I n  summary, t h e s e  p re l imina ry  s t u d i e s  demonstrate  t h a t  major r e d u c t i o n s  
i n  t h e  c o s t  of l u n a r  and i n t e r p l a n e t a r y  f l i g h t s  may be achieved wi th  the  u s e  
of e x t r a t e r r e s t r i a l  f u e l  r e s o u r c e s ,  even tua l ly  p e r m i t t i n g  space f l i g h t  t o  
advance from the  s t a g e  of small  reconnaissance miss ions  t o  r e g u l a r ,  payload- 
c a r r y i n g  t r i p s  wi thout  major engineer ing  breakthroughs.  
8 
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HUMAN FACTORS I N  LUNAR RESOURCE UTILIZATION 
L i f e  Support  Requirements .. 
A m a j o r  f a c t o r  i n  any s tudy  of  l u n a r  r e s o u r c e  u t i l i z a t i o n  i s  t h e  amount 
of material ( c h i e f l y  food ,  w a t e r ,  and oxygen) r e q u i r e d  f o r  l i f e  s u p p o r t .  
Es t ima t ion  of  these requi rements  i s  d i f f i c u l t ,  s i n c e  t h e y  depend n o t  o n l y  on 
obvious v a r i a b l e s  such as me tabo l i c  ra te  but  a l s o  on r e g e n e r a t i o n  e f f e c t i v e -  
n e s s .  Neve r the l e s s ,  numerous estimates are a v a i l a b l e ;  a t y p i c a l  one ,  
p re sen ted  i n  Table  4, served  as t h e  b a s i s  f o r  t h e  LESA L i f e  Suppor t  Systems 
s tudy  . 36 
Table  436 
Material Requirements as a Function of  Metabol ic  Rate  
Material (lb/man-day) Average Metabol ic  Rate (BTU/hr) 
3 50 500 6 50 
Food 1 .16  1.50 1 .83  
Minimum water  i n t a k e  4.73 4.77 4.80 
2 .55  Oxygen 
TOTAL m a t e r i a l  i n t a k e  7 . 2 6  8.23 9.18 
-1.96  -1.37 -
The average me tabo l i c  r a t e  of  men o p e r a t i n g  a semi-permanent l u n a r  
base i s  hard t o  judge. A c t i v i t i e s  i n s i d e  t h e  s h e l t e r  would probably ,  on 
t h e  b a s i s  of t e r res t r ia l  expe r i ence ,  i nvo lve  r a t e s  on t h e  o r d e r  of 500 BTU/hr. 
Outs ide  work i n  space  s u i t s ,  however, would invo lve  ra tes  two o r  t h r e e  times 
h i g h e r .  37 It is  c l e a r  t h a t  t h e s e  f i g u r e s  are on ly  approximat ions .  
The r e l a t i o n  between l i f e  suppor t  requi rements  and r e f u e l i n g  requi rements  
4 
i s  n o t  g e n e r a l l y  a p p r e c i a t e d .  Lunar r e s o u r c e s  are f r e q u e n t l y  c i t e d  as being 
v a l u a b l e  p r i m a r i l y  f o r  l i f e  suppor t ,  b u t  t h e  weight of  material  such as water 
which would be used f o r  rocke t  f u e l  product ion  i s  c o n s i d e r a b l y  g r e a t e r .  For 
- 
example, u s ing  t h e  f i g u r e s  i n  Tab le  4 ,  we  can e a s i l y  see t h a t  t o  suppor t  3 
men i n  a LESA I module on t h e  moon f o r  3 months, a t  an ave rage  metabol ic  
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ra te  of  650 BTU/hr, about  8300 pounds of material  would be needed. (This  
i g r o r e s  t h e  p o s s i b i l i t y  of r e c y c l i n g  a i r  and water, bu t  a l s o  ignores  t h e  
% 
- weight of equipment f o r  such r e c y c l i n g ,  and so i s  probably  a v a l i d  f i r s t  
approximation. ) By c o n t r a s t ,  t h e  f u e l  r equ i r ed  t o  r e t u r n  t h e s e  t h r e e  men 
t o  c.,artF by d i r e c t  f l i g h t ,  as e s t ima ted  by Sega1,38 i s  about  34,000 pounds. 
T i e  d i s p a r i t y  between l i f e  suppor t  and f u e l  requi rements  becomes g r e a t e r  
f o r  longe r  s t a y  times and larger b a s e s ,  when r e g e n e r a t i o n  o f  a i r  and water 
becon;es p r a c t i c a l ,  because r e g e n e r a t i o n  of r o c k e t  f u e l  i s  d i f f i c u l t  o r  
imposs ib le .  
Resupply, Regeneration, and Syn thes i s  
L i f e  suppor t  s u p p l i e s  can i n  p r i n c i p l e  be provided t o  a l u n a r  base  
i n  t h r e e  ways: resupply  from e a r t h  ( inc lud ing  i n i t i a l  s t o r e s  on s i n g l e -  
l and ing  m i s s i o n s ) ,  r egene ra t ion  of a v a i l a b l e  material ,  and s y n t h e s i s  from 
l m a r  d e p o s i t s .  Any plan t o  u s e  l u n a r  r e sources  f o r  l i f e  suppor t  must 
x n p e t e  with t h e  o t h e r  two methods. 
A d s c a i l e d  comparison of t h e  e f f e c t i v e n e s s  of t h e s e  methods would be 
b,o,yond ?..he scope of t h i s  paper,  However, e x i s t i n g  s t u d i e s  of t h e  problem 
h i l i c z t c  t h a t  t h e  cho izz  depcr.ds s t r o n g l y  on t h e  mission l e n g t h  and t h e  s i z e  
aE the luriar base  co r~y lex .  FoL a minimum l u n a r  base ,  t y p i f i e d  by t h e  LESA 
laode1 3 4:'3 inen for- :> months), a!'~ supp l i e s  would be c a r r i e d  from e a r t h ,  
x i t h  r.c r c g a z r a t i c n  , r e s u ~ l ; l y ,  0;: s y n t h e s i s .  For more advanced b a s e s ,  
r e g a i i e r s i i m  become& il.2:tractiva and would c e r t a i n l y  be used t o  a c o n s i d e r a b l e  
exrerlt for m y  f~aeibie. sdvnncec bas?. - 
If 11fe sapport .  m a s e r i a l  1,s ~ r l e  only product of  the  o p e r a t i o n ,  s y n t h e s i s  
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probab le  e f f i c i e n c y  of r e g e n e r a t i o n  p rocesses .  T h i s  judgement would, of 
cour se ,  be r eve r sed  i f  l a r g e  q u a n t i t i e s  of ve ry  e a s i l y  processed  ore--such I 
a s  high-grade permafrost--were found n e a r  t h e  base .  Neve r the l e s s ,  it seems 
clear t h a t  t h e  u s e  of  l una r  r e s o u r c e s  i s  n o t  e a s i l y  j u s t i f i e d  f o r  human 
requi rements  a lone .  
- 
Human P a r t i c i p a t i o n  i n  Resource U t i l i z a t i o n  
The degree of automation d e s i r a b l e  i n  t h e  e x t r a c t i o n ,  p r o c e s s i n g ,  and 
hand l ing  of l u n a r  r e sources  depends on the i n t e r a c t i o n  of many f a c t o r s .  
Human d e x t e r i t y ,  m o b i l i t y ,  and v i s u a l  a b i l i t y  would c e r t a i n l y  be u s e f u l  i n  
s e t t i n g  up equipment f o r  r e s o u r c e  u t i l i z a t i o n .  
h igh  c o s t  p e r  man hour of l u n a r  s t a y  t i m e ,  and t h e  f a c t  t h a t  prime mis s ion  
o b j e c t i v e s  would probably be s c i e n t i f i c ,  r e q u i r e  t h e  maximum degree  o f  
au tomat ic  o p e r a t i o n .  The probable v a r i a b i l i t y  i n  composi t ion ,  t e x t u r e ,  and 
c o n c e n t r a t i o n  of s o l i d  material r e s o u r c e s  w i l l  p r e sen t  numerous problems 
i n  d e s i g n  of equipment f o r  such  untended ope ra t ion ,  a s  w i l l  t h e  c o n d i t i o n s  
on t h e  luna r  s u r f a c e .  
On t h e  o t h e r  hand, t h e  
Areas f o r  F u r t h e r  Research 
The u t i l i z a t i o n  of  l u n a r  resources i s  obvious ly  i n s e p a r a b l e  from manned 
space  mis s ions  i n  g e n e r a l ,  and consequent ly  s h a r e s  many problems o f  t h e  
l a t t e r .  However, several p a r t i c u l a r  areas c l o s e l y  r e l a t e d  t o  r e s o u r c e  
u t i l i z a t i o n  need f u r t h e r  development, i n c l u d i n g  t h e  fo l lowing:  
A r t i f i c i a l  atmospheres: The n a t u r e  of  t h e  i n e r t  component of t h e  l u n a r  
base atmosphere must be taken  i n t o  account  i n  l i f e  suppor t  material  s y n t h e s i s  
p l a n s ,  even though it i s  n o t  consumed. The two most l i k e l y  cho ices  are 
n i t r o g e n  and helium: helium should be d i f f i c u l t  t o  o b t a i n  on t h e  moon i n  
u s a b l e  q u a n t i t i e s ,  w h i l e  the ou t look  f o r  n i t r o g e n  i s  more f a v o r a b l e  though 
c 
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u , ~ c e r : a h n  The a v a i l a b i l i t y  of t h e  d f l u e n t  i s  a minor f a c t o r  i n  p lanning  
p r e l i m i n a r y  b a s e s ,  but should be kep t  i n  mind i f  l a r g e ,  semi-permanent 
bases depending p a r t l y  or! l u n a r  gas  sources  a r e  planned. 
Space s u i t  design: Ear ly  s tud ie s  o f  l u n a r  bases ,  such as t h e  I n i t i a l  
Concept of LESA, immediately focussed  on t h e  need f o r  a du rab le ,  easy-to-use 
space sui-; i n  long-term s u r f a c e  o p e r a t i o n s .  F o r t u n a t e l y ,  r e c e n t  develop- 
mezts i n  constant-volume ("hard") s u i t s  are most promising. l8 I n  a d d i t i o n  
t o  b e b g  more f l e x i b l e ,  such s u i t s  provide  better r e s i s t a n c e  t o  damage than  
do s o f t  su i t s - - a  d e f i n i t e  advantage i n  l u n a r  o p e r a t i o n s  such a s  mining. 
Development of  c o n s t a n t  volume s u i t s  should be cont inued .  A u s e f u l  review 
of t h e  s u i t  problem i s  p resen ted  by Roth. 3 7  
Water recovery  techniques :  Because of  t h e  number of  non-drinking u s e s  
f o r  water i n  a luna r  base, such a s  washing and c o o l i n g ,  a c l e a r  requi rement  
f o r  water recovery  can be fo reseen .  A s  Malcolm 39 p o i n t s  o u t ,  a number of 
d i f f e r e n t  p rocesses  are f e a s i b l e ,  bu t  almost a l l  are s t i l l  i n  t h e  develop- 
ment s t a g e .  I n  p a r t i c u l a r ,  t h e  problem of  water recovery  from s o l i d  waste 
remains e s s e n t i a l l y  unsolved, S i n c e  t h e  e f f i c i e n c y  of such recovery  systems 
w i l l  have c o n s i d e r a b l e  l o g i s t i c  e f f e c t ,  concen t r a t ed  development i n  t h i s  
area i s  needed, 
Metabol ic  l oads  under l u n a r  o p e r a t i n g  cond i t ions :  The amount of energy 
expended by t h e  personnel  of a l u n a r  base has i m p l i c a t i o n s  f o r  such 
q u e s t i o n s  a s  t h e  amount of  food and d r ink ing  water needed, t h e  amount of  
heat which must be  d i s s i p a t e d  (and hence, p o s s i b l y ,  t h e  supply of  coo l ing  
water),  and of c o u r s e  t h e  e f f e c t i v e n e s s  o f  man i n  s e t t i n g  up and o p e r a t i n g  
complex e s t a b l i s h m e n t s  on t h e  moon. An e s p e c i a l l y  d i f f i c u l t  problem i s  t h e  
e f f e c t  o f  reduced g r a v i t y  on metabol ic  l o a d .  
w i l l  be reduced; Roth 37 p o i n t s  o u t  t h a t  it may be inc reased .  
It i s  n o t  c e r t a i n  t h a t  t h e  l o a d  
The expe r i ence  
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of Ast ronaut  E .  A .  Cernan d u r i n g  t h e  Gemini 9 EVA t e n d s  t o  confirm t h i s  op in ion .  
Close ly  r e l a t e d  i s  t h e  e f f e c t  o f  space s u i t s  on both  metabol ic  load  and 
P 
m o b i l i t y .  Because of cont inuing  developments i n  s u i t  d e s i g n ,  t h i s  problem . 
must be  kept  under c o n s t a n t  s tudy .  
Time a l l o c a t i o n  i n  l u n a r  base  o p e r a t i o n s :  A n t a r c t i c  exper ience  
demonstrates  t h a t  a s u r p r i s i n g l y  high p r o p o r t i o n  of  t h e  b a s e  p e r s o n n e l ' s  
t i m e  i n  h o s t i l e ,  remote environments i s  t a k e n  up by maintenance and personal  
t a s k s .  40,49 
inc luding  r e s o u r c e  u t i l i z a t i o n  a c t i v i t i e s ,  must be made t o  i n s u r e  t h a t  enough 
t i m e  i s  a v a i l a b l e  t o  accomplish t h e  primary o b j e c t i v e s .  Every e f f o r t  should 
be made t o  t a k e  advantage of a c t u a l  o p e r a t i n g  exper ience  i n  s i t u a t i o n s  
analogous t o  l u n a r  bas ing ,  such a s  A n t a r c t i c  e x p l o r a t i o n ,  underwater s t a t i c n s ,  
and prolonged o r b i t a l  f l i g h t s .  
Cont inuing e s t i m a t e s  o f  t h e  t i m e  requirements  of  v a r i o u s  o p e r a t i o n s  , 
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ONCLUSIONS AND REOMMENDATIONS 
8 
Several  major conclus ions  as t o  t h e  u t i l i z a t i o n  of l u n a r  m a t e r i a l  
resources  may be reached on t h e  b a s i s  .of t h e  foregoing  d i s c u s s i o n :  
1. 
2 .  
3 .  
4. 
Usable m a t e r i a l  r e s o u r c e s ,  c o n t a i n i n g  oxygen, hydrogen, and v a r i o u s  
meta ls  i n  combined form e x i s t  on t h e  moon under any reasonable  hypothes is  
of i t s  o r i g i n  and e v o l u t i o n .  
Numerous techniques  e x i s t ,  o r  can be developed,  t o  e x t r a c t  and use t h e s e  
r e s o u r c e s .  
The u s e  of rocke t  f u e l  manufactured on t h e  moon can g r e a t l y  reduce t h e  
c o s t  of p r o j e c t e d  manned i n t e r p l a n e t a r y  miss ions .  Furthermore,  it may 
'permit t h e  e a r l y  achievement of miss ions  n o t  c u r r e n t l y  f e a s i b l e .  
The use  of  l u n a r  r e s o u r c e s  f o r  l i f e  suppor t  can s u b s t a n t i a l l y  reduce 
t h e  c o s t  of main ta in ing  long-term s c i e n t i f i c  l u n a r  b a s e s ,  and can 
produce a c o n s i d e r a b l e  degree of l o g i s t i c  independence. 
It i s  recommended t h a t  r e s e a r c h  i n  t h e  areas d e s c r i b e d  h e r e  be cont inued  
and expanded, s o  t h a t  a c t i o n  may be  t a k e n  immediately when f i r m  informat ion  
on t h e  geology of t h e  moon becomes a v a i l a b l e .  I n  p a r t i c u l a r ,  c o n t i n u i n g  
paramet r ic  s t u d i e s  on t h e  economics of l u n a r  resource  u t i l i z a t i o n  should 
be made t o  t a k e  advantage o f  advances i n  space s c i e n c e  and technology.  . .  
_ _ ~  
1. 
2 .  




7 .  
8. 
9 .  
10. 
11. 
1 2 "  
13. 
14. 
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